Abstract Osteoporosis, which is characterized by resorption of bone exceeding formation, remains a significant human health concern, and the impact of this condition will only increase with the Bgraying^of the worldwide population. This review focuses on current and emerging approaches for delivering therapeutic agents to restore bone remodeling homeostasis. Well-known antiresorptive and anabolic agents, such as estrogen, estrogen analogs, bisphosphonates, calcitonin, and parathyroid hormone, along with newer modulators and antibodies, are primarily administered orally, intravenously, or subcutaneously. Although these treatments can be effective, continuing problems include patient noncompliance and adverse systemic or remote-site effects. Controlled drug delivery via polymeric, targeted, and active release systems extends drug half-life by shielding against premature degradation and improves bioavailability while also providing prolonged, sustained, or intermittent release at therapeutic doses to more effectively treat osteoporosis and associated fracture risk.
Introduction
Osteoporosis, which means Bporous bone,^is a widespread skeletal condition characterized by reduced bone strength, low bone mass, altered macrogeometry, and microarchitectural deterioration of bone tissue. This condition was initially considered a histological diagnosis; however, reductions in both the quantity and quality of bone are recognized as adversely affecting mechanical properties [1, 2] . Reduced strength can ultimately lead to increased risk of fracture.
In 2014, the National Osteoporosis Foundation reported that nearly 43 million US citizens had decreased bone density and at least 9.9 million met diagnostic criteria for osteoporosis [2] . The World Health Organization reported that more than 75 million people in North America, Europe, and Japan have osteoporosis [3, 4] . The worldwide incidence of osteoporosis reached nearly nine million fractures annually, resulting in an osteoporotic fracture every 3 s [5] .
In addition to being among the most common bone diseases, osteoporosis significantly increases healthcare costs. Half of osteoporosis patients receive drug treatments, averaging $500 each or $2 billion annually nationwide [6] . The American Association of Clinical Endocrinologists noted that as the population ages and osteoporosis likely becomes more common, costs are projected to reach nearly $25 billion by 2025. Lifetime risk percentages of hip, spine, and wrist fractures in women are 23, 29, and 21 %, respectively, and 11, 14, and 5 % in men [7, 8] . Every year in the USA, 3.5 million hospital bed days are attributed to osteoporotic fractures and over 60,000 nursing home admissions are related to hip fractures. Trends are similar in Europe, where the estimated cost of osteoporotic fractures was €36 billion in 2000 and is expected to double to €77 billion by 2050 [9, 10] .
This article is part of the Topical Collection on Regenerative Biology and Medicine in Osteoporosis T. A. Asafo-Adjei, A. J. Chen and A. Najarzadeh contributed equally to this work.
Pathogenesis of Osteoporosis
Bone mass is low at birth and increases for the next two to three decades as the activity of bone-forming osteoblasts surpasses that of the bone-resorbing osteoclasts, ultimately leading to peak bone density during young adulthood. Through this period, osteoclast and osteoblast activities are equivalent for some time, allowing sufficient bone density to be maintained [11, 12] . Afterward, the activity of osteoclasts begins to surpass that of osteoblasts, and bone density declines, which may lead to osteoporosis. Studies of bone microarchitecture have shown that trabecular bone loss begins in the third decade of life, before gonadal sex steroid deficiency develops, whereas cortical loss typically begins in the sixth decade, around menopause in women and at a similar age in men [13••] . Figure 1 illustrates, in a simplified fashion, the complex interactions between bone cells. Coupled activity of osteoclasts and osteoblasts is responsible for maintenance of bone mass during remodeling. Once osteoclasts have completed resorption, osteoblast precursors are recruited and adhere to the site in response to signals emitted by osteoclasts. In response to mechanical loading, osteocytes further regulate the differentiation and function of osteoclasts and osteoblasts through the release of signaling molecules. Numerous systemic molecules, such as steroid hormones, parathyroid hormone (PTH), vitamin D and its metabolites, and calcitonin, as well as locally secreted proteins, such as macrophage colony-stimulating factor (mCSF), osteoprotegerin (OPG), sclerostin, receptor activator of nuclear factor k-B ligand (RANKL), and various growth factors, exhibit control over remodeling behaviors [12, 14••, 15] . Dysregulation of these modulators, however, can lead to alteration of the balance between osteoclast and osteoblast activity, as is mainly the case for primary osteoporosis arising in postmenopausal women and elderly men [16] . Much has been learned about the pathogenesis of osteoporosis, and a detailed description is beyond the scope of this review (see, for example, [13••, 15] ). How endogenous signals and exogenous factors, such as diet and exercise, influence bone physiology is a major focus of ongoing research.
Osteoporosis Treatments
As described in the BPathogenesis of Osteoporosis^section, onset of osteoporosis can be linked with poorly regulated levels of reproductive hormones, calcitonin, growth factors, thyroid hormones, vitamin D, and/or various cytokines influential in bone remodeling. The previously described coupling imbalance between the resorptive and formative processes is sought to be alleviated through therapy with antiresorptive agents or anabolic drugs (Fig. 1) . The following sections briefly review antiresorptive, anabolic, and emerging drug treatments (summarized in Table 1 ).
Antiresorptive Agents
Estrogen compounds were first approved in the USA for menopause in 1941 and noted for their effects on bone mass, but the use of estrogen-based hormone replacement to prevent bone loss was not reported until 1982 [17] . Estrogen binds to α and β receptors on bone cells to reduce osteoclast production and activity, promote osteoblast production and activity, regulate calcium homeostasis, and suppress cytokine responses supporting resorption [18] . Consequently, estrogen treatment decreased the onset of osteoporotic fractures by approximately 50 %, decreased bone turnover, and increased bone mineral density (BMD) in the lumbar spine by 5.1 % in a 1-year study of early menopausal women [19, 20] . Because receptors on bone marrow and immune cells are also affected by estrogen, however, continued use can lead to increased risk of endometrial and breast cancer, stroke, thromboembolism, and coronary disease [21] . While it is still considered effective, estrogen has been withdrawn for treatment of osteoporosis in the USA but has instead been approved as a preventative measure [21] .
Selective estrogen receptor modulators (SERMs) were developed as alternatives to estrogen. In these compounds, the steroidal moiety of estrogen has been removed to leave otherwise similar structures, allowing them to activate α and β estrogen receptors agonistically or antagonistically [18] . The US Food and Drug Administration (FDA)-approved SERM raloxifene decreases the breast cancer risk posed by estrogen while significantly increasing BMD, especially in the vertebrae. However, thrombovascular risk still remains for SERMs [22] .
Calcitonin, an FDA-approved peptide hormone, reduces loss of cancellous bone but is relatively ineffective in decreasing cortical bone loss [23] . Daily administration of low doses resulted in a 1 % increase of spinal BMD, while high doses were ineffective after months of treatment [24] . By binding to calcitonin receptors in the bone and the brain, osteoclastic activity is diminished and analgesic effects are mediated. Salmon calcitonin is currently marketed and has been shown to be significantly more potent than human calcitonin [24, 25] . Gastrointestinal symptoms have been observed, but these effects can be minimized with different modes of administration.
Bisphosphonates, first synthesized in the 1800s and introduced into the clinical setting in 1968, have become the first line of FDA-approved drugs in prescribed treatment for osteoporosis [26] . Bisphosphonates are derived from pyrophosphate, a potent inhibitor of bone mineralization. The phosphate moiety of bisphosphonates has a high affinity for hydroxyapatite crystals within the bone, allowing binding to areas of mineralization. First-generation bisphosphonates, which do not contain an amino group, cause osteoclast apoptosis following metabolization into toxic analogs of adenosine triphosphate (ATP) [27] . More recently developed nitrogen-containing compounds induce osteoclast apoptosis by inhibiting farnesyl pyrophosphate synthase in the mevalonate pathway that is vital for functioning osteoclasts [28] . This disrupted process leads to reduced resorption and increased bone mineral density. Due to decreased remodeling, however, bone microfractures and damage may accumulate, thereby compromising bone quality with continued use. Side effects for bisphosphonates include osteonecrosis of the mandible and atypical low-energy subtrochanteric and femoral shaft fractures, along with gastrointestinal issues from poor phosphate absorption [29] . The nitrogen-containing compounds of alendronate, risedronate, ibandronate, and zoledronate are currently used for osteoporosis treatment in the USA due to their increased potency compared to clodronate and others lacking an amino group [13••] . Overall, these commonly prescribed drugs have decreased vertebral fractures by 50 %, other bone fractures by 20-25 %, and hip fractures by about 50 % in osteoporotic patients [30] .
Denosumab is a human monoclonal antibody, also known as the first FDA-approved antibody-mediated antiresorptive therapy (AMART) for osteoporosis [31] . The antibody inhibits RANKL, a potent mediator of osteoclast development Fig. 1 Controlled release of different antiresorptive and anabolic drugs and their mechanisms of action on specific cell types in bone for treatment of osteoporosis. In the presence of m-CSF and RANKL, osteoclast precursors differentiate and fuse to eventually form activated osteoclasts. Antiresorptives such as estrogen, bisphosphonates, OPG, and denosumab inhibit osteoclast development and activity, while anabolic therapies, which include PTH, primarily affect osteoblast activity. Cathepsin K and anti-sclerostin antibodies represent emerging therapies for osteoporosis treatment and activity [32••] . RANK has a much greater specificity for binding to the RANKL cell surface molecule than its natural competitor, OPG, which is secreted by bone marrow and a number of other cell types [33] . Denosumab promoted a higher BMD in the lumbar spine and hip and reduction in bone turnover markers than did alendronate, risendronate, ibandronate, zolendronate, raloxifene, and calcitonin throughout an exploratory 3-year study [34] . Another study, however, reported that denosumab and zolendronate produced similar BMD results in the lumbar spine of women [35] . Recombinant forms of OPG have also been investigated for osteoporosis treatment. Min et al. reported that administration of the protein to OPG knockout mice with an onset of osteoporosis effectively increased the trabecular bone density in the proximal tibial metaphysis [36] . This effect was correlated with elevated serum levels of alkaline phosphatase (ALP) compared to OPG-treated wild-type controls that showed decreased ALP. A welltolerated single dose of OPG led to immediate and subsequent decreases in resorption markers urinary Ntelopeptide (NTX) and deoxypyridinoline (DPD) levels, respectively, in postmenopausal women [37] .
Strontium ranelate, which is currently approved for use in Europe, is a bioactive agent derived from strontium. The compound exhibits both antiresorptive and osteogenic effects by inhibiting RANKL activity and upregulating osteoprotegerin while activating calcium-sensing receptors [38] . In phase III trials, strontium ranelate decreased vertebral, nonvertebral, and hip fracture risk by 41, 16, and 36 %, respectively, in 3-year studies. Adverse effects associated with this therapy, such as nausea, diarrhea, and dermatitis, were reported to diminish shortly after initiating treatment. Thromboembolism risk is also associated with strontium ranelate in postmenopausal women [39] .
Anabolic Agents
The only approved anabolic drug currently used for treating severe stages of osteoporosis is recombinant human parathyroid hormone (rhPTH (1-34) ), known as teriparatide [40] . PTH is known to exhibit resorptive properties in combination with vitamin D, which is important for regulating serum calcium and phosphate levels in the body. When intermittently administered, PTH(1-34) demonstrates bone-stimulating properties [33, 41] . The complete hormone sequence, rhPTH(1-84), demonstrates increased anabolic effects in bone marrow cells in vitro [42] . Under normal to slightly elevated serum calcium levels, activation of PTH receptors results in phospholipase Cstimulated production of inositol triphosphate and diacylglycerol, with subsequent intracellular calcium mobilization combined with protein kinase C activation [33] . These pathways activated by PTH subsequently affect lipoprotein receptorrelated protein 5 or 6 (LRP5/6) mediated canonical wingless (Wnt) signaling, which promotes osteoblast development by downregulating sclerostin and RANKL expression. Sclerostin is known to be an antagonist of Wnt signaling and bone morphogenetic protein-induced osteogenesis and an upregulator of RANKL activation in osteoclasts [15, 43] .
Although calcium and vitamin D supplements administered independently are an insufficient means of treating osteoporosis, nutritional deficiencies of these agents can lead to hyperparathyroidism, hypocalcemia, and osteoporosis. Consequently, they have been administered in combination with stand-alone estrogen, PTH, and bisphosphonate therapies. Studies have also shown mild effects on increasing BMD and reducing fracture risk [21] . Calcium also supplements the use of sodium fluoride, shown to stimulate osteoblast proliferation via Wnt/β-catenin signaling and to increase vertebral BMD in women with osteoporosis by 8 % for every consecutive year of use. However, decreased cortical BMD, increased atypical fractures, and gastrointestinal issues have prevented approval of sodium fluoride in the USA [44, 45] . Calcitriol, a metabolite of vitamin D, increases calcium absorption and reduces fracture risk in postmenopausal women compared to calcium alone, while also temporarily increasing bone mass in some studies [46, 47] . Administration of insulinlike growth factor I (IGF-I) as an anabolic therapy to elderly women was associated with increased femoral and vertebral BMD in the Framingham Osteoporosis Study [48] . However, localized pain, carpal tunnel syndrome, venous thrombosis, cholestatic liver disease, and fractures, among other serious adverse effects, have been associated with growth hormone treatments [49•] .
Modified and Emerging Drug Therapies
To combat the disadvantages or side effects associated with existing treatments, modified therapies and new drugs are emerging. In addition, these approaches target newly discovered pathways involved with osteoclast formation, increase drug affinity, or improve bone targeting.
SERMs, such as bazedoxifene, have been combined with estrogen and estrogen analogs to minimize the adverse cardiovascular effects posed by the compounds individually while increasing BMD compared to placebo and raloxifene [50] . Combinations of hormone therapy with alendronate, risedronate, and calcitonin have shown additive effects in increasing BMD [21] . Sequential administration of alendronate, then PTH, followed again by alendronate to osteopenic rats led to the most trabecular bone growth and strength along with the best microarchitecture [51•] .
Among other PTH and parathyroid hormone-related protein (PTHrP) analogs investigated in preclinical and clinical studies [52] , the targeting efficiency of PTH(1-33) was improved while removing the hypercalcemic effect by conjugation with a collagen-binding domain derived from bacterial collagenase with an affinity to bone and skin. A single dose administered to ovariectomized rats led to a maximum increase of 14 % in vertebral BMD compared to a temporary 5 % increase with daily PTH administration [53•] . Various drugs have also been chemically modified or conjugated with the phosphatecarbon-phosphate (P-C-P) moiety that characterizes bisphosphonates to increase affinity for the bone surface. Example compounds include bisphosphonate-conjugated estradiol, prostaglandin E 2 , and estrogen analogs, of which a single dose of prostaglandin E 2 bisphosphonate in ovariectomized rats inhibited 77 % of BMD loss in preclinical trials [54] . More targeted approaches will be discussed more extensively in the BDrug Delivery Approaches for Osteoporosis^section.
Currently, bioactive agents acting on new targets are in different stages of preclinical and clinical development. Odanacatib is among the cathepsin K inhibitors being investigated for antiresorptive purposes [55, 56] . Cathepsin K is an enzyme secreted by osteoclasts that degrades type I collagen in the bone. Promising new antibodies, such as romosozumab, blosozumab, and BPS804, act to directly inhibit sclerostin, a protein produced and secreted by osteocytes in bone [57] . Phase II trials showed 11 and 17 % increases in vertebral BMD following treatment with maximum doses of romosumab and blosozumab, respectively, for 12 months [57] . Active agents still in early development include β-arrestin analogs, proto-oncogene tyrosine kinase inhibitors, and antagonists of dickkopf-1, activin A, and calciumsensing receptor [55, [58] [59] [60] [61] [62] [63] [64] [65] [66] . Well-known drugs, such as statins, are also being considered as anabolic therapies for osteoporosis. While rosuvastatin did not reduce osteoporotic risk in phase III trials, simvastatin showed promising early results by enhancing bone mechanical properties and microarchitecture via osteoblast proliferation and differentiation in preclinical trials [67] . Lovastatin and fluvastatin have also been investigated in preclinical trials [68] .
Drug Delivery Approaches for Osteoporosis
Ensuring the continuous delivery of therapeutic agents to osteoporotic bone is a major concern for physicians and researchers around the world, as any drug, regardless of potency, cannot exert positive change to bone quantity or quality if received off-target, metabolized, or skipped. Many of the currently available treatments for osteoporosis are prescribed in daily or weekly applications of oral tablets or injectable solutions for systemic delivery; however, variability in patient compliance and absorptive efficiency may significantly reduce the bioavailability of agent to below clinically effective values, negatively impacting treatment efficacy [69, 70] .
Patient compliance in particular is a significant obstacle, with noncompliance of treatment occurring in up to 65 % of patients prescribed oral bisphosphonates and rates of discontinuation of treatment reaching above 75 % for daily regiments within the first year [69, 70, 71•] . Even for quarterly or biannual administration, patient compliance does not exceed 70 %, although compliance and persistence past the second year are significantly improved compared to more frequent dosing schedules [70] . To circumvent such issues, more efficient methods of therapeutic delivery are required to minimize patient intervention and to ensure the proper dosing and scheduling. Encapsulation of poorly bioavailable molecules into drug carriers, chemical modification of systemically introduced factors for tissue targeting, and controlled release of drug from slowly degrading Bdepot^systems or actively triggered devices are all methods to improve delivery efficiency beyond typical oral treatment schedules.
Current Approaches
Current clinical approaches to drug delivery are relatively straightforward in design, with oral and injectable bisphosphonate systems dominating the market (summarized in Table 2 ) [72] . Oral bisphosphonates are currently prescribed in tablet form for intestinal absorption and systemic application via regular dosing ranging from weekly (alendronate, risedronate) to monthly (risedronate, ibandronate) intervals [71•] . Other bisphosphonates, such as zoledronate, that display lower oral viability are administered intravenously via prolonged infusion by healthcare providers, as is also the case for quarterly ibandronate [73] . When administered intravenously, doses are up to an order of magnitude lower than oral treatments with significantly less frequent scheduling, because bisphosphonates have a relatively poor oral bioavailability of less than 2 %. Once present in circulation, their high affinity for the bone allows prolonged drug presence in the patient [74, 75] . Similarly, the SERMs raloxifene and bazedoxifene and the metallic salt strontium ranelate are currently administered in oral form [73] . The SERMs are prescribed in daily tablet form, while strontium ranelate is administered daily as a sachet of powder dissolved in drink [73] . Oral bioavailability of SERMs is similar to bisphosphonates, ranging from 2 to 6 % of the loaded drug [73] . Oral bioavailability of strontium ranelate is significantly higher in comparison, at 27 % [76••]. Over-the-counter dietary supplements for ameliorating osteoporosis, such as calcium, calcium phosphate, and vitamin D, are similarly available in oral tablet and capsule forms [73] .
The two most commonly used biologically derived osteoporosis treatments denosumab and teriparatide are available only in subcutaneous injectable dosage forms [77] . Denosumab is administered biannually in 60 mg doses. In contrast, teriparatide is prescribed as daily subcutaneous injections of 20 μg. As is typical of injectable treatments, bioavailability of denosumab and teriparatide is in excess of 90 %. Of currently approved osteoporosis therapies, only estradiol and calcitonin are not regularly delivered via oral or injectable methods. Estradiol is available in a topically applied film for transdermal delivery, while calcitonin is available in a nasal spray for inhalation. Both treatments are able to exploit the relatively high diffusive capacity relative to typical therapeutics that each hormone possesses to transport across the epidermis and mucous membranes, respectively [78, 79] . The status of estrogen as a steroid hormone imparts high cellular permeability, allowing transdermal bioavailability to be approximately 20 times that of oral bioavailability [78] .
Similarly, calcitonin appears to be actively endocytized by nasal epithelial cells, producing unusually high absorptive capacity relative to its size [79] .
Emerging Approaches
A variety of approaches are being investigated to address the drawbacks of existing delivery methods as well as to enhance therapeutic efficacy. Table 2 summarizes select emerging approaches that are further described in the following subsections.
Drug Carriers
The use of drug carriers to improve the pharmacokinetics of therapeutic agents is a widespread and common strategy that includes a broad range of techniques from simple adsorption of bioactive molecules onto particle surfaces to covalent incorporation of drug molecules into polymer networks [80, 81] . Effective use of drug carriers can mitigate undesirable side effects of the prescribed drug while simultaneously improving its circulatory lifetime and release profile [81] [82] [83] . Common to almost all drug carrier methods is the generation of microparticles and nanoparticles, within or upon which drug can be loaded [81, 82] . These particles can be of polymeric, ceramic, or biological origin, allowing for a broad range of drug and delivery options [81, 83] . Examples of delivery vehicles being developed include poly(lactic-co-glycolic acid) nanospheres and microspheres containing bisphosphonates, which are typically prepared via emulsion solvent evaporation and are amenable to aerosolized orotracheal and intravenous delivery [81] .
Polymeric carriers are widely used for their relative ease of manufacture and tailorable physical qualities [81] . Synthetic polymers allow for a high degree of control of chain length and structure, including monomer distribution within copolymers and chemical modification of side chains. Control of side chain functionalization can greatly contribute to carrier practicality and targeting ability via addition of cell-adhesive moieties, such as Arg-GlyAsp (RGD) peptides, or lineage-specific antibodies [82] . Furthermore, polymeric carriers can be designed to covalently bind and incorporate their drug load as side groups or as part of their chemical backbone, as shown by AsafoAdjei et al. for a polymerized form of simvastatin (Bpolysimvastatin^) in a poly(ethylene glycol)-blockpoly(simvastatin) copolymer [80] . Such systems minimize burst release typically associated with diffusion from particles encapsulating drug by enforcing a degradationdependent limitation upon drug release. In contrast to traditional drug carriers, such drug-conjugated systems provide significantly steadier, longer term release profiles.
Ceramic drug carriers, especially hydroxyapatite nanoparticles, are attractive drug carriers for their ability to provide osteoconductive, space-filling function to the application site in conjunction with controlled release capability [83] . Ceramic particles have benefited greatly from advances in nanoscale production and functionalization, allowing for strict control of particle size, shape, porosity, and chemical features. Particle outer and inner surfaces can be separately modified to optimize drug-carrying capacity without sacrificing osteoconductive or biocompatible outer surfaces. Ceramic particles are capable of carrying a wide variety of agents for release, including not only directly bioactive agents such as hormones but also other drugloaded micropartic les that lack th e stability or functionalization for proper targeting [84, 85] . For example, titania nanotubes have been demonstrated to protect and release proteins, such as BMP-2, as well as drugloaded polymeric coatings and nanoparticles, such as vancomycin in poly(ethyleneimine)-human serum albumin, for burst and sustained release profiles, respectively [82] . Thin coats of unloaded polymer act as caps for the titania nanotubes, providing a temporary seal that prevents premature release or hydrolytic degradation of loaded compounds prior to the desired schedule [82] .
Biologically derived polysaccharide, gelatin, and lipidbased carriers possess unrivaled biocompatibility and minimal cytotoxicity compared to synthetic systems [81, 83, 86] . Polysaccharide and liposome carriers are currently under investigation for use in inhalable systems due to their high biocompatibility and ease of uptake [81, 87] . Micellar systems are relatively simple to manufacture and can substantially improve the effective solubility of hydrophobic drugs in aqueous environments [84] . Simvastatin has been successfully delivered via injected calcium phosphateconjugated simvastatin-deoxycholic acid micelles in mouse models and successfully released from poly(ethylene glycol-caprolactone) (PEG-PCL) micelles loaded in titania nanotube arrays in vitro [84, 85] . Beyond their high biocompatibility relative to other systems, biologically derived systems benefit from broad resource bases and relatively low cost to manufacture [81, 86] .
Tissue Targeting
Drug modification to improve tissue specificity is another common strategy to increase bioavailability. Drug targeting allows for selective local activity of therapeutic agents that minimizes nonspecific interactions and systemic toxicity. As described in the BAntiresorptive Agents^section, bisphosphonates possess an innate affinity for bone and are prime examples of bone-targeted drugs, displaying binding affinity for bone calcium so strong that it actually interferes with the ability of the bisphosphonate to interact with the desired protein targets [88] . Exploitation of the calcium affinity of phosphate groups allows enhancement of bone targeting via covalent substitution of carboxylic acids on bioactive molecules [88] . The addition of monophosphate functionality has been demonstrated to significantly improve the hydroxyapatite binding affinity of benzoindole, salicylic acid, and quinolone compounds by Jahnke et al., who also demonstrate that the binding affinity improves with addition of flexible bridging chains between the phosphate group and core molecule, with direct attachment of phosphate groups to aromatic rings failing to confer bone specificity [88] . Similarly, conjugation to tetracycline or minimized derivatives enhances bone conjugation via chelation of calcium ions on hydroxyapatite surfaces [89, 90] . Biologically derived tetracycline acts as a phosphate mimic, substituting two such groups when interacting with three surface ions [90] . Negatively charged and phosphorylated peptides, such as aspartic acid and phosphorylated serine, exhibit similar calcium binding affinity in a more biomimetic modality, along with improved degradability and lowered cytotoxicity [72, [89] [90] [91] . Hydrophobic therapeutics such as GSK3β inhibitors had significantly improved solubility and affinity for bone fracture sites following covalent conjugation to aspartic acid peptides in a rat model [74] . Control of peptide targeting sequence length and composition can provide further specificity of surface binding; six repeat sequences of aspartic acid had a higher affinity for bone formation surfaces compared to eight repeat sequences, which had a greater affinity for resorptive surfaces often associated with fracture sites [74, 91] . Appropriate conjugation of these targeting moieties to anabolic or antiresorptive molecules may greatly improve therapeutic efficacy and local distribution, minimizing the required concentration and frequency of drug doses [72, 90, 91] . Lastly, monosaccharides and polysaccharides display similarly high binding affinities for calcium and hydroxyapatite, providing nonpeptide-based, readily degradable targeting systems [90] .
For active molecules that cannot be modified with phosphate groups due to loss of function or lack of appropriate functionalization sites, addition of bone targeting agents to drug-carrying materials may be a more desirable option. PEGylation of nanoparticle carriers with copolymer poloxamer systems, notably poloxamer-407, can confer general resistance to adsorption via strong hydrophilic character of polyethylene glycol segments while simultaneously providing selective uptake by bone marrow sinusoidal endothelial cells, as shown by Porter et al. using surface-labeled poloxamer-coated polystyrene microspheres as a proof of concept [72, 92•, 93, 94] . This selective uptake by sinusoidal cells results in verifiable accumulation of nanoparticles in the sternum, long bones, and spinal column [92•, 93] . Once sequestered, nanoparticles deliver loaded drugs in a local fashion, minimizing off-target effects for less selective drug systems [93] .
Depot Systems
Injectable and implantable depot systems are ideal examples of drug delivery systems that minimize the need for patient compliance; depot systems offer controlled long-term release of drug from one or more strategically placed delivery sites via active or passive systems, circumventing issues relating to oral viability or patient noncompliance [95] . Depot systems are typically designed for local release of drug rather than systemic distribution and as such are well suited for use with medications that may otherwise distribute broadly. While injectable systems are more commonly thought of in reference of depots, it is important to consider the role of surgically placed depots as well; drug-loaded polymeric and ceramic scaffolds are an ideal approach to drug delivery to fracture sites and bone surfaces following surgical intervention. Drug loading into supportive structures for continuous release with or without drug carriers provides local chemical treatment as the graft is resorbed, allowing for ensured delivery of therapeutics to the desired site, as demonstrated by Orellana et al. using simvastatin and a model protein [96] . Further, certain ceramic materials may act as depots for bioactive molecules without additional loading or modification; silicon, magnesium, and strontium-based ceramics release metal ions that promote osteogenic function and inhibit resorptive behavior [97] [98] [99] . The use of such materials in concert with traditional drug therapies may substantially improve bone quality following trauma without the need for additional patient intervention.
Actively triggered release systems are promising emerging options for drug delivery, providing possibilities for highly localized, high concentration drug delivery in a controlled manner. Lee et al. developed a radiofrequency-sensitive implantable device that sequesters drug into lipid membrane reservoirs, where the drug is held with minimal release until activated by lysing of the lipid membrane via frequency resonance heating of a metallic coil [95] . The use of multiple independent reservoirs with differently tuned coils allows for controllable sequential delivery of high concentration therapeutics in a noninvasive manner. Additionally, the system displays long-term stability and is biodegradable once triggered, eliminating the need for surgical retrieval.
Similarly, Ferra et al. reported clinical testing of a microchip-based drug delivery device that uses metallic membranes to seal drug within multiple distinct reservoirs for controllable release via thermal electroablation of the metallic seal [100] . This design forgoes the use of lipid membranes in favor of impermeable metallic seals to ensure the stability of the reservoir seals against environmental factors. Similar to the system of Lee et al. [95] , this microchip design utilizes wireless systems to trigger release of PTH(1-34) in a controllable daily fashion for up to 20 days [100] . An on-board battery and control electronics allow the device to autonomously trigger drug release at preprogrammed intervals, thereby assuring compliance with reduced risk of over-dosing or under-dosing [100] . PTH release and distribution from the device was comparable to typical subcutaneous injection while being more consistent between doses [100] . Elaboration upon this or similar electronically controlled devices may enable greater density of loaded doses, incorporation of sensing systems, and possible selfregulation of the release schedule. These systems hold great promise as pulsatile and autonomous delivery systems.
Conclusion
Drug therapies for treatment of osteoporosis are directed at restoring bone balance by inhibiting osteoclasts or stimulating osteoblasts. Approaches such as oral administration of hormones or bisphosphonates, intravenous infusion of bisphosphonates, and injection of teriparatide are subject to disadvantages of patient noncompliance or poor bioavailability. Transdermal delivery of steroidal hormones and inhalation of peptide hormones only partially avoid these problems. As new modulators of bone cell differentiation and activity are identified, such as antibody-mediated therapies or receptorspecific agonists and antagonists, advanced methods are increasingly useful for delivering these bioactive agents. Bone targeting, encapsulation in or conjugation to degradable polymers, and both passive and actively triggered depot systems can deliver the drug where it is needed, protect it from damage, and maintain therapeutic doses while minimizing problems with patient compliance.
